The regulatory (R) region of the cystic fibrosis transmembrane conductance regulator (CFTR) is intrinsically disordered and must be phosphorylated at multiple sites for full CFTR channel activity, with no one specific phosphorylation site required. In addition, nucleotide binding and hydrolysis at the nucleotide-binding domains (NBDs) of CFTR are required for channel gating. We report NMR studies in the absence and presence of NBD1 that provide structural details for the isolated R region and its interaction with NBD1 at residue-level resolution. Several sites in the R region with measured fractional helical propensity mediate interactions with NBD1. Phosphorylation reduces the helicity of many R-region sites and reduces their NBD1 interactions. This evidence for a dynamic complex with NBD1 that transiently engages different sites of the R region suggests a structural explanation for the dependence of CFTR activity on multiple PKA phosphorylation sites.
The CFTR chloride channel, the protein mutated in cystic fibrosis, is a member of the ATP-binding cassette (ABC) superfamily of proteins 1 . Like other members of the superfamily, CFTR has two membranespanning domains (MSD1 and MSD2) and two nucleotide-binding domains (NBD1 and NBD2). Intracellular regions between the transmembrane segments probably adopt helical structures that extend from the MSDs 2 . Unique to CFTR is the cytoplasmic intrinsically disordered 3, 4 R region, of approximately 200 residues, which we refer to as a region rather than as a domain to reflect its lack of a stable, folded globular structure.
Modulation of normal CFTR channel function involves ATP binding and hydrolysis at the NBDs in combination with phosphorylation by protein kinase A (PKA). Two ATP-binding sites are formed at the interface of the proposed NBD1-NBD2 dimer, as shown by structures of bacterial NBD homodimers 5 , with each composite site comprised of residues from both NBDs. PKA phosphorylation sites are found primarily in the R region, as well as at a single position in the regulatory insertion within the NBD1 sequence 6 . These multiple phosphorylation sites generally act additively to control CFTR channel opening without a requirement for phosphorylation at any one specific site [7] [8] [9] .
Functional studies of full-length CFTR indicate that the R region has multiple effects on CFTR channel activity. Missense Ser-Ala mutations in PKA consensus motifs, introduced singly or in combination, demonstrate various relative contributions of these positions to channel activity 10, 11 . Whereas most phosphorylation sites stimulate channel activity, Ser737 and Ser768 are inhibitory sites. Substitutions at these residues result in increased channel conductance 10 , and removal of residues 760-783 or 817À838 produces active channels that open independently of phosphorylation 12, 13 . Coexpression of CFTR 1À835 and CFTR 837À1480 also produces low levels of constitutive Cl -channel activity, which is further stimulated with PKA 14 . The R region may have an additional stimulatory role, as shown by CFTR channels lacking much of the R region (D708À835/S660A), which gate independently of PKA yet are further stimulated by the addition in trans of phosphorylated R region (residues 645À835) 15 . This complex regulation of CFTR by its unique R region may be required because CFTR is a channel, unlike other ABC transporters.
One model to explain this mode of regulation involves the binding of multiple phosphorylation sites, potentially with different affinities and effects, to multiple CFTR-binding surfaces, so that increased phosphorylation leads to increased channel activity 3 . Understanding the dynamic, multisite interactions involved in this model at the molecular level requires specific consideration of the R region as an intrinsically disordered protein segment. Intrinsically disordered protein segments such as the R region exist as an ensemble of rapidly interconverting heterogeneous conformations, rather than having the relatively stable conformation of a folded protein 16 . Individual conformations can contain elements of secondary structure, but the population-weighted average conformation has only fractional secondary structure. These protein sequences have lower complexity than folded proteins and are enriched in arginine, lysine, glutamate, proline and serine, with fewer cysteine, tyrosine, tryptophan, isoleucine and valine residues 17 , as observed for the R region, with 30% charged residues. Prediction of intrinsically disordered proteins in complete genomes shows an increasing proportion of disordered proteins with increasing organism complexity: up to 14% of archaeal, 21% of bacterial and 41% of eukaryotic proteins are predicted to contain stretches of more than 50 disordered residues 18 . Key regulatory cell-signaling proteins and human cancer-associated proteins show greater amounts of intrinsic disorder than proteins involved in metabolism, biosynthesis or degradation 19 , and proteins classified as hub proteins (more than ten interaction partners) are enriched in disordered regions compared with end proteins (only one interaction partner) 20 . The intrinsic plasticity of disordered proteins may facilitate their regulated binding to a variety of binding partners 16 . Any stabilization of interacting structural elements upon binding results in entropic penalties that reduce the affinity of the interaction, providing reversibility that is important for proteins involved in inducible events, such as phosphorylation, and for those with multiple interaction partners 16 .
As channel gating is controlled by both PKA phosphorylation of the R region and ATP binding and hydrolysis at the NBDs, we hypothesized that the R region has direct phosphorylation-dependent interactions with the NBDs 21 . To test this hypothesis, we have performed NMR studies of the structural properties of the isolated R region in both the nonphosphorylated and PKAphosphorylated states, and of the interaction between the R region and NBD1. NMR is the only technique available to examine these properties at the level of individual residues, as crystallization of disordered proteins is not possible and crystal structures including fragments of the R region give only a static picture of one conformation in a dynamic ensemble. The resulting residue-specific structural and binding information demonstrates direct, phosphorylationsensitive interactions between the isolated disordered R region and NBD1, suggesting a molecular mechanism for channel regulation in full-length CFTR.
RESULTS
The R region is disordered independent of phosphorylation To examine changes in the structural properties of the isolated R region upon phosphorylation, we phosphorylated purified R region (residues 654À838) in vitro with PKA catalytic subunit (phosphorylation sites are shown in Fig. 1a) . Analysis by mass spectrometry indicated that phosphorylation was achieved at eight or nine sites of the R region. NMR 1 H-15 N correlation spectra for the nonphosphorylated R region and the highly phosphorylated R region (superimposed in Fig. 1b) show sharp peaks, with dispersion for backbone amide proton resonances limited to values between approximately 8 and 8.7 p.p.m. in the proton dimension. This limited dispersion is diagnostic of disorder (in contrast to a dispersion of B7 to 10 p.p.m. for folded proteins) and reflects the rapid interconversion between heterogeneous conformations in disordered proteins, in which all nuclei experience similar average chemical environments 22 . Phosphorylation produces marked downfield chemical shift changes for phosphoserine residues 23 owing to the addition of a charged phosphate, and there are smaller chemical shift changes for many other residues (see 1 H chemical shift changes in Fig. 1c) . Phosphorylation does not, however, induce a global folding event; in both the nonphosphorylated and phosphorylated states, the observed ensemble averaged chemical shift values reflect a predominantly disordered state.
Phosphorylation reduces R-region helicity Assignments were obtained for 97% of the 1 H, 15 N, 13 Ca, 13 Cb and C¢ resonances of the nonphosphorylated R-region sequence and 99% of the resonances of the phosphorylated sequence, using a variety of triple-resonance experiments (see Methods). Residues 718À722 in the nonphosphorylated R region lack assignments because of resonance broadening (that is, loss of intensity accompanied by an increase in NMR resonance linewidth), probably resulting from millisecond-to microsecond-timescale sampling of a small population of stabilized conformations for these residues. Analysis of resonance intensities in NMR spectra indicates that the phosphorylated R-region sample was completely phosphorylated at the previously reported PKA phosphorylation sites 660, 700 (refs. 24, 25) , with partial phosphorylation (approximately 60%) at Ser670 (ref. 6) and B15% phosphorylation at the previously uncharacterized PKA phosphorylation site Thr788.
The availability of resonance assignments permits analysis of the fractional population of secondary elements for individual residues in the R region, which was done using the Secondary Structure Propensity (SSP) program 26 with Ca and Cb chemical shifts as inputs ( Fig. 2a; for details, see Methods). In folded proteins, consecutive residues have SSP values of +1 for a-helical structure and À1 for b-strand structure, respectively. In disordered proteins, consecutive residues with positive or negative values reflect the local fractional population in a-helical or b-strand conformations as a weighted average of the conformers present. In the nonphosphorylated R region, residues 654À668, 759À764, 766À776 and 801À817 all have a greater than 5% a-helical population, with values above 20% for some residues, whereas 744À753 have a greater than 5% b-strand population, with some values above 20%. Phosphorylation produces a global decrease in helical content, consistent with that observed in circular dichroism experiments 4 . Phosphoserine (pSer) at the N-terminal cap or in the first three positions of a helix (for example, at position 768) stabilizes the helix, whereas pSer within the helix or at the C terminus (for example, at positions 700, 737 and 813) destabilizes it 27 . Ser660 is within a long helical segment comprising residues 654À670, which shortens to 660À667 upon phosphorylation so that pSer660 becomes the N-terminal cap residue. This observation is consistent with crystal structures of NBD1 that include R-region residues 654À673, termed the regulatory extension (RE). In these structures, residues 655À668 form a helix in the nonphosphorylated ATP-bound state, but the helix extends only from residue 658 to 668 in the phosphorylated state 6 .
Phosphorylation reduces R-region structural contacts
We next examined the dynamic properties of residues within the R region to provide information on fluctuating structural contacts. Motions on fast timescales were quantified using R 1 , R 1r and heteronuclear NOE relaxation experiments 28 (Fig. 2b ,c, Supplementary Table 1 and Supplementary Table 2 online), and R 2 relaxation rates calculated from R 1 and R 1r relaxation rates (see Methods). Rates could not be calculated for some residues because of the substantial spectral overlap, as the experiments were recorded as 2D 1 H-15 N correlations. Low R 2 relaxation rates reflect rapid motion (on the picosecond to nanosecond timescale) such as conformer interconversion of disordered proteins, whereas higher relaxation rates are indicative of restricted mobility or slower fluctuations between conformational states (on the microsecond to millisecond timescale). In both its nonphosphorylated and phosphorylated states, the R region has R 2 relaxation rates generally in the range of 4À8 s -1 , consistent with the values expected for a disordered protein and lower than those expected for a folded protein with the same number of residues. Uniformly low R 2 relaxation rates throughout the sequence, with further reduced rates at the termini, are expected for a model disordered protein with no structural contacts 29 . In contrast, the R 2 relaxation rates for the R region are not uniform throughout the sequence: higher rates were observed for a number of residues, including His667, Glu733, Ser768 and Ser809, that are within regions having 45% helical population and close to phosphorylation sites. This suggests that the restriction of motion by secondary structural contacts contributes to higher R 2 relaxation rates, with potential additional contributions from the exchange of individual conformers between different conformational states, tertiary contacts or hydrophobic clusters 29 . Phosphorylation generally decreases R 2 relaxation rates (see difference between Fig. 2b and Fig. 2c , shown in Supplementary Fig. 1 online).
NBD1 predominantly binds nonphosphorylated R region
We added unlabeled NBD1 to 15 N, 13 C-labeled R-region samples to test for direct interactions between the isolated R region and NBD1, and examined the modulation of these interactions by phosphorylation and ATP binding, key regulatory events for full-length CFTR. The addition of NBD1 leads primarily to reduced peak intensity for specific resonances in the R-region spectrum as well as to small chemical shift changes (Fig. 3a) . NMR lineshapes reflect the motion of the bond vector measured in the experiment and are sensitive to overall protein tumbling, as they are dependent on the R 2 relaxation rate described above. Disordered proteins have characteristically narrow lineshapes (low R 2 relaxation rates), reflecting rapid conformational averaging in the sample and fairly independent motion of each peptide plane. Changes in peak intensity upon interaction reflect contributions from a number of factors, with the largest contributor being direct binding to the target protein, which causes the interacting residues of the R region to tumble more slowly and leads to broadening of the peak. R-region residues not directly at the interaction interface may also appear to be tumbling more slowly owing to interactions with other R-region residues that bind NBD1 directly. Changes in interactions within the R region and exchange between free and bound conformations also contribute to the observed lineshape. Examples of effects on the NMR resonances upon binding of NBD1 are shown for Ser790 (Fig. 3b) and Thr760 (Fig. 3c) . Although it is unknown whether we completely saturated the binding reaction (that is, whether all of the R region in the sample interacted with NBD1), we refer to the R-region samples in the presence of the added NBD1 as 'bound' . Figure 4 plots the ratios of the peak intensities of NBD1-bound R-region resonances to those of free R-region resonances, for nonphosphorylated and phosphorylated R region and for NBD1 in the absence and presence of ATP. If there were no interactions, the ratio would be 1 for all residues. A relatively uniform and low ratio, with only minor deviations, would be expected for all residues if the R region became ordered upon binding, as the entire R region would largely tumble slowly as a unit in complex with NBD1 rather than nearly independently. If very short stretches of extended structure were involved in the interaction, the ratios would dip with sharp minima. Instead, what we observed was ratios varying from 0 to 1.3, with broad rather than sharp minima, reflective of longer stretches of residues interacting with varying affinities and no global disorder-to-order transition. Several segments of the R region appear to bind NBD1, to various degrees, implying dynamic exchange of several R-region binding segments on and off NBD1.
In the nonphosphorylated R region, several segments of the sequence are involved in interactions with apo-NBD1 and ATP-bound NBD1, including the major interaction site surrounding Ser768, where some resonances are broadened to an intensity of 0 (Fig. 4a,c) . The majority of the interaction sites either include the known in vivo phosphorylation sites at residues 660, 700, 737, 795 and 813 (refs. 8,30,31) or are adjacent to them on the C-terminal side . The interaction of residues 661-671 with NBD1 is consistent with crystal structures of NBD1 containing these residues as part of the regulatory extension that contacts the NBD1 core 6, 32, 33 . In the context of full-length CFTR, in which NBD1 and the R region are covalently linked, the affinities of the individual interacting segments would be expected to be even higher than those shown here with NBD1 and the R region as separate polypeptides. Phosphorylation of the R region, however, abrogates most binding to NBD1 (Fig. 4b,d) , with the exception of weaker binding in the vicinity of Ser768 when ATP is present (Fig. 4d) . Although ATP binding by NBD1 causes few changes in the interaction of NBD1 and the nonphosphorylated R region, ATP binding enhances the interaction of the Ser768 site when the R region is phosphorylated. In the presence of ATP, maintenance of or an increase in peak intensity near Ser790, compared with other residues, is observed for both phosphorylation states (Fig. 4c,d ). This indicates interactions involving Ser790 in the free R region that are released upon interaction with NBD1.
DISCUSSION
The R region regulates CFTR in a complex manner that is dependent on multiple PKA sites and sensitive to a variety of interaction partners. To aid in understanding of the molecular basis for this mode of regulation, we have characterized the structural properties of the isolated R region and its interaction with NBD1, paying particular attention to the unique properties of disordered protein segments necessary to explain its behavior. The isolated R region is globally disordered, meaning that it samples multiple, heterogeneous conformations having varying degrees of compactness and secondary structural features, with rapid interconversion between conformers. Distinct segments of the R region have fractionally populated local helical structure, reflecting a bias of these residues toward helical conformations in the pool of conformers (Fig. 2a) . These helices fluctuate within the ensemble, with some conformers having helices that span over 20 residues and others having helical conformations only at residues with the highest fractional secondary structure. The nonuniform R 2 relaxation rates we observed reflect restriction of mobility caused by the formation of contacts within and potentially between these fluctuating secondary structural elements (Fig. 2b,c) . Phosphorylation reduces the bias toward helical conformations and decreases many structural contacts within the R region, except in the vicinity of Ser768. The decreases in helicity and R 2 relaxation rates on the N-terminal side of Ser737 are consistent with the marked gel shift previously observed upon phosphorylation at this site, which results from a conformational change 34 and may also reflect changes in nonlocal structure. Two predominant mechanisms have been suggested for the function of intrinsically disordered protein regions in protein recognition. There are many examples of disordered proteins that undergo a disorder-to-order transition upon binding, stabilizing a structural domain within a previously disordered region (for a review, see ref. 35 ). In an alternative mechanism, sequence motifs (approximately 5À10 residues) that are targets for a modular binding domain, such as the SH2, SH3 or WW domain, are located largely within disordered regions of proteins, and their interactions involve an extended chain (or turn) binding to the modular domain 36 . The presence of fractional helical structure in the free state of the R region and changes in resonance intensity over several stretches of 10À15 residues upon binding to NBD1 provide evidence that R-region interactions are mediated by stabilization of fluctuating helical structural elements. However, there was no complete disorder-to-order transition upon binding, so our observations represent an intermediate between the above two mechanisms 37, 38 . If a complete disorder-to-order transition occurred, all the resonances of an R region with substantial tertiary contacts would be affected to a similar degree upon binding to the larger NBD1, and the values in Figure 4a -d would be similar. Instead, various segments of the R-region sequence show different effects upon addition of NBD1, indicating that several R-region segments bind and dissociate from NBD1 dynamically, so that the intensities observed report the population-weighted average degree of association and relative affinity of each segment. Binding of residues 763À777 is tightest in the nonphosphorylated R region, with almost complete disappearance of the resonances upon binding to NBD1. These residues partially overlap with the segment 771À779, whose sequence matches that of an a-helical molecular recognition element (a-MoRE) 38 , which is disordered in the free state and undergoes helix stabilization in the bound state.
The coincidence of fractional helical structure in the free R region (indicated by yellow bars) and NBD1-interacting regions is highlighted in Figure 4 . Transient helices seem to be stabilized upon NBD1 binding, extending the lengths of the helices and their populations, as evidenced by the broad minima observed. The inexact correspondence between free-state helical structure and binding reflects this structural adjustment upon binding as well as electrostatic and other energetic contributions to the interaction. The correspondence between
Nonphosphorylated R region + apo-NBD1
Phosphorylated R region + apo-NBD1
Nonphosphorylated R region + ATP-bound NBD1 Bound peak intensity/free peak intensity Bound peak intensity/free peak intensity Bound peak intensity/free peak intensity Bound peak intensity/free peak intensity (Fig. 2a) . Stretches of at least three consecutive residues with SSP values above 5% (indicating fractional a-helical structure) or below À5% (indicating fractional b-strand structure) are colored blue or yellow, respectively, with the remaining residues colored gray. Error bars are derived from error propagation of the noise level of the spectrum. Bound peak intensities were calculated at the chemical shifts of the bound peak, as some peaks had small chemical shift changes upon interaction with NBD1. Absence of bar indicates that data could not be analyzed for that residue, except for some residues that had ratios of bound to free peak intensity equal to 0, including residues 765, 771 and 774 in a, and 763, 766, 771, 772 and 775 in c.
reduction in helical structure for many segments of the R region ( Fig. 2a) and loss of most NBD1 binding (Fig. 4) upon phosphorylation is also indicative of a role for helices in the interaction. Additional support comes from the interaction of the helical regulatory extension with NBD1 in crystal structures 6 and from the presence of an a-MoRE sequence and the highest R 2 relaxation rates (Fig. 2b,c) at residues 763-777, the most stabilized helix 38 . Together, these data provide evidence for a dynamic complex in which multiple fluctuating helices in the free R region bind NBD1, are transiently stabilized at the interaction interface and are subsequently released. The model in which multiple R-region segments can bind NBD1 in the context of isolated constructs may explain the lack of requirement for specific phosphorylation sites in the regulation of full-length CFTR 8, 9 . The PKA phosphorylation sites are contained within segments of the R region that interact with NBD1 (Fig. 4) , so mutation of a subset of phosphorylation sites in the context of full-length CFTR would probably primarily effect CFTR regulation by their coincident interacting segments. The remaining wild-type phosphorylation sites and their surrounding interaction segments could still act, allowing channel regulation by PKA, consistent with the observed partial channel activity. Milder phenotypes are seen for many cystic fibrosis-causing CFTR missense mutations within the R region, consistent with this multisite behavior, and the majority of these mutations are at the PKA recognition and phosphorylation sites (R709N, S712C, R735K, S737F, V754M, R766M, R810G and S813P; http://www. genet.sickkids.on.ca/cftr/app).
A possible interaction surface for NBD1's association with the R region is revealed in NBD1 crystal structures that include the regulatory extension (R-region residues 655À673) 6,32,33 . The regulatory extension forms a helix that packs against NBD1 along the putative NBD1-NBD2 dimerization interface in many of the structures 6, 32, 33 , demonstrating that the R region could inhibit CFTR function by blocking NBD1-NBD2 association, channel opening and nucleotide hydrolysis. Inhibition of NBD1-NBD2 dimerization by the R region is also supported by previously observed effects of phosphorylation. NBD1 initially bound to a glutathione S-transferase (GST)-tagged R region dimerizes more readily with maltose-binding protein (MBP)-fused NBD2 upon phosphorylation in vitro 39 , and phosphorylation also increases NBD1-NBD2 cross-linking 40 in the context of fulllength CFTR. Our data suggest that the association of the regulatory extension helix with NBD1 along the dimerization interface is transient. This is consistent with an NBD1-regulatory extension crystal structure in which the regulatory extension is rotated away from the dimerization interface 32 , having a different conformation from that of the first structure reported. Studies of CFTR composite channels missing the regulatory extension have found largely wildtype function 41 , supporting a model of transient association of multiple R-region segments with NBD1 in full-length CFTR. The regulatory extension helix observed in crystal structures determined in various nucleotide-bound states 6 is an amphipathic helix, packing against a primarily hydrophobic surface of NBD1 and burying 880 Å 2 of surface area. According to helical-wheel analysis, residues 733À739 and 761À777 (depending on the side chain conformation of Arg766) may also form amphipathic helices, and these might bind the same NBD1 surface as the regulatory extension, or other NBD1 surface(s), in a dynamic equilibrium. Additional residues of the R region, including 767À780, which interact with ATP-bound NBD1 independently of phosphorylation, may bind this same NBD1 surface or other NBD1 surface(s) 42 . Further NMR studies are currently in progress that focus on NBD1 to clarify the sites of R-region interactions.
Both 'switch' and 'rheostat' mechanisms are known modes of regulation via phosphorylation of disordered proteins. Multiple phosphorylated sites of the intrinsically disordered cyclin-dependent kinase inhibitor Sic1 bind a single site on the Cdc4 component of SCF ubiquitin ligase, with the dynamic equilibrium of this interaction allowing high-affinity switch-like binding 43 . In contrast, the intrinsically disordered N-terminal segment of the Ets-1 transcription factor has multiple phosphorylation sites that act as a rheostat to control autoinhibition of the ETS domain 44 . The R region may be a similar rheostat, except that primarily its nonphosphorylated state binds. CFTR function is regulated by phosphorylation-dependent modulation of the structural properties of a large number of potential interacting segments, a mechanism that allows a graded CFTR response to PKA binding and phosphorylation 8, 10, 11 . Moderate channel activity is possible with low levels of phosphorylation, but additional phosphorylation increases CFTR activity 8 . Phosphorylation of various sites in the R region has generally additive results, with no single phosphorylation site required for channel activity 8, 9 and various impacts on channel activity from mutations at different sites 10, 11 .
Transient interaction of R-region segments with different affinities for NBD1 may act together to shift the equilibrium between NBD1 monomer and NBD1-NBD2 heterodimer, as well as equilibria with other binding partners (Fig. 5) . In this model, the nonphosphorylated R region inhibits NBD dimerization by binding NBD1. The dynamic interconversion, as various R-region segments bind NBD1 and dissociate from it, allows PKA to access the R region's PKA consensus motifs, enabling phosphorylation, which leads to an equilibrium shift away from binding NBD1. In addition to facilitating NBD1-NBD2 dimerization, this enhances binding of the R region to the N terminus, lengthening the duration of channel opening 45 , and to the SLC26A3/6 STAS domains, decreasing channel interburst duration 46 . There are certainly other inter-and intramolecular interaction partners of the R region still to be identified that control this equilibrium shift. In the context of full-length CFTR binding to its physiological partners, the large, approximately 200-residue R region and its binding sites may interact with more than one binding partner at a time, with these sites coming on and off of their targets and exchanging binding partners. Further NMR experiments to probe the specific residues of the R region involved in interactions with the N terminus and the NBD2 and SLC26A3/6 STAS domains will shed more light on the detailed mechanisms by which the disordered, phosphoregulated R region controls CFTR function.
METHODS
Expression and purification of R region. The human CFTR (NCBI Protein P13569) R region was expressed in BL21(DE3) CodonPlus RIL cells (Stratagene) from a plasmid encoding a 185-residue fragment from position 654 to 838 with an N-terminal His 6 tag in the pPROEX HTb vector (Invitrogen). The Ser654 N-terminal boundary was chosen to include the PKA phosphorylation consensus residues on the N-terminal side of the important Ser660 phosphorylation site, as well as Ser654, which is homologous to the Thr654 residue found to act as an N-terminal helix cap in the murine NBD1 crystal structure 6 . The C-terminal boundary was chosen to include a group of negatively charged residues with a-helical propensity suggested to have a functional role in CFTR channel inhibition 13 . The R-region sequence carried the polymorphism Leu833 from the original CFTR cloning paper 1 , as the wild-type Phe833 was deleterious for protein solubility (data not shown). Comparison of HSQC spectra of R-region proteins bearing Phe833 and Leu833 showed similar structural properties for the two proteins (data not shown).
Uniformly isotopically enriched R region with either 15 N labeling alone or combined 15 N, 13 C labeling was expressed in BL21 CodonPlus cells grown to A 600 ¼ 0.6À0.8 and induced with 1 mM IPTG for 12-16 h at 16 1C. The R region was purified from the insoluble lysate fraction using a 6 M guanidiniumHCl purification including Ni 2+ affinity chromatography and denaturing sizeexclusion chromatography on a Superdex 200 column (Pharmacia), followed by HPLC with a Jupiter 10u C4 300A reverse phase column (Phenomenex). Samples were lyophilized, rehydrated, cleaved overnight with His 6 -tagged tobacco etch virus protease, Ni 2+ affinity purified to remove the His tag and protease, and exchanged into the buffer of interest. R region from the soluble fraction was also purified as above, but without HPLC and using nondenaturing buffers, for comparison with R region from the insoluble fraction. Superimposed HSQCs of the two samples ( Supplementary Fig. 2 online) NMR experiments. All NMR data were collected on a Varian Inova 800-MHz spectrometer at 10 1C with a room-temperature, triple-resonance probe with actively shielded gradients. Nonphosphorylated and highly phosphorylated samples of R region (residues 654-838 with Leu833, as above) at 0.25 mM (in 125 mM potassium phosphate (pH 6.8), 125 mM KCl, 2 mM EDTA, 2 mM benzamidine, 2 mM DTT) were used for assignment experiments. Tripleresonance assignment experiments 47 included CBCA(CO)NNH and HNCACB to examine Ca/Cb chemical shifts. HNCO and HN(CA)CO experiments were important in the assignment process, because CO chemical shifts have greater dispersions than Ca and Cb chemical shifts for disordered proteins. Additionally, CCC-TOCSY experiments were recorded to examine correlations between side chain 13 C nuclei with backbone 1 H and 15 N nuclei 48 . All spectra were referenced using the internal reference sodium 2,2-dimethyl-2-silpentace-5-sulfonate (DSS). Data was processed using NMRPipe 49 26 . The values are weighted for each amino acid depending on the magnitude of overall chemical shift expected for secondary structure formation. The default averaging of a 5-residue sliding window was used. Phosphorylated serines were excluded from the calculations because of a lack of reference chemical shift values for fully stabilized helix and strand conformations.
Expression and purification of mouse NBD1. NBD1 from mouse CFTR (NCBI protein P26361) was expressed in BL21(DE3) CodonPlus cells from a plasmid encoding residues 389À653 as an N-terminal, His 6 -smt3 (SUMO) fusion protein and purified as described 6 . Mouse protein was used because wild-type human CFTR NBD1 is highly insoluble 6 . The final protein was concentrated to approximately 0.2 mg ml -1 and buffer-exchanged into 50 mM NaPO 4 , 200 mM NaCl, 5 mM MgCl 2 , 5 mM ATP, 5 mM DTT and 2% (v/v) glycerol (pH 7).
R-region interaction experiments with mouse NBD1. HNCO spectra were recorded with 16 transients at 10 1C (as above) on a 50-mM 15 N, 13 C R-region sample in the absence and presence of 100 mM unlabeled mouse NBD1. The solution contained either 50 mM NaPO 4 (pH 6.8), 200 mM NaCl, 5 mM ATP, 5 mM MgCl 2 , 2% (v/v) glycerol and 2 mM DTT (for ATP-bound NBD1), or 50 mM NaPO 4 (pH 6.8), 200 mM NaCl, 2% (v/v) glucose, 2% (v/v) glycerol and 2 mM DTT (for apo-NBD1). Buffer conditions were optimized for NBD1 solubility and resulted in small chemical shift changes, compared with spectra of the free 15 N, 13 C R region from assignment experiments. Data were analyzed by calculating the ratio of bound to free peak intensity measured in NMRView 50 . A uniform scaling factor averaged from several noninteracting residues was applied to the peak intensities of the R region bound to apo-NBD1, to compensate for a small amount of NBD1 precipitation during the experiment. This precipitation also reduced the amount of R region in solution, as evidenced by the overall decrease in intensity of R region resonances across the full length of the protein.
Accession codes. Biological Magnetic Resonance Bank: Chemical shift assignments have been deposited with accession codes 15336 (nonphosphorylated R region) and 15340 (phosphorylated R region).
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
